Necroptosis, oxidative stress, and inflammation are major contributors to the pathogenesis of ischemic acute kidney injury. Necrostatin-1 (Nec-1), an inhibitor of the kinase domain of receptor-interacting protein kinase-1 (RIP1), has been reported to regulate renal ischemia and reperfusion (I/R) injury; however, its underlying mechanism of action remains unclear. HK-2 cells were used to create an in vitro I/R model, in which the cells were subjected to hypoxia, followed by 2, 6, and 12 h of reoxygenation. For the in vivo study, a rat model of renal I/R was established in which samples of rat blood serum and kidney tissue were harvested after reperfusion to assess renal function and detect histological changes. Cell viability and necroptosis were analyzed using the Cell Counting Kit (CCK)-8 assay and flow cytometry, respectively. The expression levels of molecules associated with necroptosis, oxidative stress, and inflammation were determined by real-time PCR, western blotting, immunofluorescence staining, and ELISA. Luciferase and chromatin immunoprecipitation (ChIP) assays were performed to confirm the relevant downstream signaling pathway. We found that pretreatment with Nec-1 significantly decreased hypoxia-inducible factor-1a (HIF-1a) and miR-26a expression, as well as the levels of factors associated with necroptosis (RIP1, RIP3, and Sirtuin-2), oxidative stress (malondialdehyde [MDA], NADP + /NADPH ratio), and inflammation (interleukin [IL]-1b, IL-10, and tumor necrosis factor alpha [TNF-a]) in I/R injury cells and the rat model. However, these effects could be reversed by miR-26a overexpression or TRPC6 knockdown. Mechanistic studies demonstrated that HIF-1a directly binds to the promoter region of miR-26a, and that TRPC6 is a potential target gene for miR-26a. Our findings indicate that Nec-1 can effectively protect against renal I/R injury by inhibiting necroptosis, oxidative stress, and inflammation, and may exert its effects through mediation of the HIF-1a/miR-26a/TRPC6/PARP1 signaling pathway.
INTRODUCTION
Renal ischemia and reperfusion (I/R) injury, the major cause of acute renal failure, typically occurs after renal transplantation or surgery, and is one of the most serious and common health problems seen in the clinic. 1, 2 The pathogenic mechanism underlying renal I/R injury is complicated and involves energy metabolism dysfunction, 3 tubular necrosis and apoptosis, 4 inflammation, 5, 6 and oxidative stress. 7 The anti-malarial drug, hydroxychloroquine, was shown to markedly reduce the levels of pro-inflammatory cytokines (IL-1b, IL-6, and tumor necrosis factor alpha [TNF-a]) because it exerts its anti-inflammatory effects in the treatment of acute kidney injury. 8 I/R results in excessive reactive oxygen species (ROS) production and antioxidant levels. 9 Administration of a MnSOD mimetic was shown to reduce the severity of a renal I/R injury and increase the expression of antioxidant enzymes. 10 Therefore, gaining a better understanding of the mechanisms of necrosis, inflammation, and oxidative stress that underlie I/R-induced injury would aid in developing new and effective therapies for acute renal failure.
In recent years, there has been increasing interest in the relationship between miRs and I/R injury. For example, several miRs, including miR-21, miR-7, and miR-192, were shown to be upregulated, whereas miR-322 was found to be downregulated in studies of renal I/R models conducted by Godwin et al. 11 and Wei et al. 12 In our previous study, miR-26a, miR-29, and miR-200 were identified as potential novel targets for treating renal I/R injury. 13 Among those possible targets, miR-26a caught our attention because of its participation in renal vascular diseases and interstitial fibrosis. 14 Moreover, our previous bioinformatics study identified transient receptor potential cation channel (TRPC6) as an upregulated differentially expressed gene involved in the pathogenesis of I/R injury, 13 and also suggested that it could protect against renal I/R injury by inhibiting necroptosis. 15 Furthermore, the TRPC6 activator, OAG, promotes the generation of adenosine diphosphate ribotransferase-1 (PARP-1), which is an enzyme located in the nucleus of eukaryotic cells, and helps to regulate and maintain cellular dynamic balance. 16, 17 Necrostatin-1 (Nec-1), an inhibitor of the kinase domain of receptor-interacting protein kinase-1 (RIP1), was previously reported to protect against renal I/R injury when it is applied before reperfusion. 18 However, the underlying mechanism by which Nec-1 exerts that effect during development of an I/R injury remains unclear.
Here, we hypothesized that miR-26a might participate in the protective effect of Nec-1 against I/R injury by regulating signaling pathways associated with necrosis and apoptosis, inflammation, and oxidative stress.
To validate this hypothesis, we created an in vitro HK-2 cell model of hypoxia and reoxygenation (H/R) and an in vivo rat model of renal I/R injury for use in the present study. We then used these models to explore the underlying mechanism by which Nec-1 reg- ulates a miR-26a mediating downstream pathway in I/R injuries. Our findings provide a novel insight into the anti-necrosis, anti-inflammatory, and anti-oxidative effects of Nec-1 in acute kidney injury.
RESULTS

Nec-1 Treatment Increased Cell Viability and Reduced the Number of Necrotic HK-2 Cells under Conditions of H/R Injury
First, a Cell Counting Kit (CCK)-8 assay was performed to assess the cytotoxicity of Nec-1, which is an inhibitor of the kinase domain of RIP1. As shown in Figure 1A , H/R injury significantly decreased the number of viable cells when compared with control cells (p < 0.05). Pretreatment with Nec-1 improved cell viability in a time-dependent manner (p < 0.05). Furthermore, a flow cytometric analysis revealed a progressive increase in the number of necrotic cells with increasing reoxygenation time in the H/R injury group; however, that trend was significantly less noticeable among cells pretreated with Nec-1 (p < 0.05; Figures 1B and 1C ). This suggests that Nec-1 partially protects against H/R-induced necrosis in HK-2 cells.
Nec-1 Treatment Affected the Levels of HIF-1a, miR-26a, TRPC6, Necroptosis, Oxidative Stress, and Inflammation-Related Molecules in HK-2 Cells after H/R Injury We further detected the levels of hypoxia-inducible factor-1a (HIF-1a) and miR-26a, and found that the increases in HIF-1a ( Figure 2A ) and miR-26a expression ( Figure 1S , p < 0.05) induced by H/R injury were inhibited by Nec-1 treatment in a time-dependent manner (p < 0.05). The levels of TRPC6 and PARP-1 expression were found to be downregulated following H/R treatment (Figures 2A and S1, p < 0.05), and this was consistent with results from our previous study. 15 In contrast, treatment with Nec-1 and H/R increased the levels of TRPC6 and PARP-1 expression, suggesting involvement of the TRPC6/PARP-1 signaling pathway in H/R-induced injuries in HK-2 cells. The levels of RIP1, RIP3, and Sirtuin-2 expression, as key factors in triggering necroptosis, were increased following H/R treatment, and those increases were partially inhibited by Nec-1 (Figures 2A and S1, p < 0.05).
In addition, we found an increased accumulation of lipid peroxides with a concordant increase in malondialdehyde (MDA) content in HK-2 cells following H/R treatment; however, those increases were partially reduced by Nec-1 treatment ( Figure 2B , p < 0.05). We also observed that HK-2 cells in the H/R group showed a significant increase in their intracellular NADP + /NADPH ratios when compared with control cells. The NADP + /NADPH ratios in the Nec-1 + H/Rtreated group were significantly lower than those in the solely H/R group ( Figure 2B , p < 0.05). Moreover, the levels of inflammatory factors IL-1b, IL-10, and TNF-a were also increased in the H/R group ( Figure 2B , p < 0.05). In contrast, lower levels of IL-1b, IL-10, and TNF-a were found in the Nec-1-treated group when compared with the solely H/R group (p < 0.05).
Downregulation of miR-26a Significantly Enhanced the Protective Effects of Nec-1 in HK-2 Cells under Conditions of H/R Injury
Previous studies have shown that miR-26a is involved in renal vascular diseases and interstitial fibrosis. 14 Based on our result showing that miR-26a was overexpressed in H/R injury, we investigated whether miR-26a could have a function in H/R injury with or without Nec-1 treatment. By using the CCK-8 assay ( Figure 3A ), we found that downregulation of miR-26a significantly increased the viability of HK-2 cells from the H/R group and the Nec-1 + H/R group, whereas this effect was reversed by upregulation of miR-26a. Consistent with that finding, the percentage of cells undergoing necrosis in response to H/R with or without Nec-1 treatment was significantly decreased by miR-26a downregulation, but increased by miR-26a overexpression (Figures 3B and 3C, p < 0.05).
At the molecular level, downregulation of miR-26a significantly reduced miR-26a, HIF-1a, Sirtuin-2, RIP1, and RIP3 expression, but increased TRPC6 and PARP1 expression, whereas upregulation of miR-26a gave the opposite results as determined by quantitative real-time PCR ( Figure S2 Figure 4B ), respectively. Additionally, downregulation of miR-26a decreased and upregulation of miR-26a increased the cellular content of MDA, the intracellular NADP + /NADPH ratio, and the levels of inflammatory factors IL-1b, IL-10, and TNF-a in HK-2 cells in response to H/R, and these effects were even more apparent after Nec-1 treatment ( Figure 4C , p < 0.05).
TRPC6 Overexpression Significantly Enhanced the Protective Effects of Nec-1 in HK-2 Cells after H/R Injury
We investigated the effects of TRPC6 on the protective effects of Nec-1 in HK-2 cells after H/R injury. CCK-8 assays showed that TRPC6 knockdown significantly suppressed cell viability in the H/R group and the Nec-1 + H/R group. However, cell viability in both of those groups was significantly increased after induction of TRPC6 overexpression ( Figure 5A , p < 0.05).
Moreover, TRPC6 overexpression decreased, whereas TRPC6 knockdown increased the percentage of cells undergoing necrosis in response to H/R with or without Nec-1 treatment, as determined by flow cytometry assays (Figures 5B and 5C, p < 0.05). In agreement with the effects produced by downregulation of miR-26a, TRPC6 overexpression significantly reduced miR-26a, HIF-1a, Sirtuin-2, RIP1, and RIP3 expression but increased TRPC6 and PARP1 expression in HK-2 cells in response to H/R, as determined by quantitative real-time PCR ( Figure S3 , p < 0.05), western blotting ( Figure 6A ), and immunofluorescence staining ( Figure 6B ), respectively. We also examined the effects of TRPC6 overexpression or knockdown on oxidative stress and inflammation-related molecules in HK-2 cells. As shown in Figure 6C , TRPC6 overexpression reduced and TRPC6 knockdown increased the cellular content of MDA, the intracellular NADP + /NADPH ratio, and the levels of IL-1b, IL-10, and TNF-a in HK-2 cells in response to H/R with or without Nec-1 treatment (p < 0.05).
miR-26a, Mediated by HIF-1a, Directly Targeted TRPC6 in HK-2 Cells in Response to H/R HIF-1a expression was significantly increased in HK-2 cells in response to H/R. Furthermore, miR-26a expression was clearly upregulated. These results suggested that HIF-1a is a critical factor that affects miR-26a transcription. Therefore, we established a luciferase reporter gene plasmid carrying a sequence upstream of the miR-26a promoter region, and co-transfected it along with pcDNA-HIF-1a into the cells. As shown in Figure 7A , the luciferase reporter assay demonstrated that pcDNA-HIF-1a transfection significantly increased the luciferase activity of miR-26a-WT (wild-type) cells when compared with that of control cells (p < 0.001), whereas there was no significant change in the luciferase activity of miR-26a-MUT (mutant) cells. A chromatin immunoprecipitation (ChIP) analysis confirmed that direct binding of HIF-1a to the promoter regions of miR-26a and HIF-1a could promote the transcription of miR-26a in HK-2 cells (Figures 7B and 7C, p < 0.01).
Our previous study suggested that TRPC6 might protect against renal I/R injury by inhibiting necroptosis via increasing PARP1 levels. 15 Given the remarkably reduced levels of necrosis in HK-2 cells upon H/R after downregulation of miR-26a or TRPC6 overexpression, we examined whether TRPC6 might be a target gene of miR-26a. Examinations of the TargetScan, PicTar, and miRanda da- tabases allowed us to identify the potential binding sequence in the TRPC6 3 0 UTR; this sequence is shown in Figure 7D . Subsequently, a luciferase reporter assay showed that co-transfection of the TRPC6-3 0 UTR-WT and miR-26a mimics led to a significant decrease in luciferase activity ( Figure 7E , p < 0.001). These results demonstrated that HIF-1a/miR-26a/TRPC6 signaling was involved in the protective role of Nec-1 in HK-2 cells under conditions of H/R injury.
Nec-1 Pretreatment Protected Rat Kidney Tissue against I/R-Induced Oxidative Stress and Inflammation via the HIF-1a/miR-26a/ TRPC6 Pathway
To further investigate the protective role of Nec-1 in renal I/R injury, we established an in vivo rat model of renal I/R in which groups of rats were subjected to either sham surgery or I/R surgery (with or without Nec-1 pretreatment). As shown in Figures S4 and 8A , the increases in HIF-1a, miR-26a, RIP1, RIP3, and Sirtuin-2 levels in renal tissues were inhibited by Nec-1, and the decreases in TRPC6 and PARP1 were reversed by Nec-1. Moreover, OAG treatment markedly reversed the I/R-induced increases in HIF-1a, miR-26a, RIP1, RIP3, and Sirtuin-2 expression, and reductions in TRPC6 and PARP1 levels. Administration of SKF96365 or veliparib further enhanced cell necrosis in the I/R and I/R + Nec-1 groups after reoxygenation for 6, 12, or 24 h, respectively (p < 0.05). Furthermore, the levels of MDA, the intracellular NADP + /NADPH ratios, and the levels of inflammatory factors IL-1b, IL-10, and TNF-a in blood serum were all increased by I/R and were significantly higher than those in the sham control group (p < 0.05). Administration of Nec-1 significantly reduced the levels of MDA, the intracellular NADP + /NADPH ratios, and the levels of inflammatory factors IL-1b, IL-10, and TNF-a (p < 0.05). Similarly, OAG treatment imitated the effects of Nec-1, whereas the opposite effects were observed when either SKF96365 or veliparib was used ( Figure 8B ; p < 0.05). Here, we present only the data gathered at 6 h; data for the other time points (12 and 24 h) are presented in Figure S5 . An immunohistochemical analysis showed increases in RIP1 and RIP3 expression, and decreases in TRPC6 and PARP1 expression in renal tissues induced by I/R, as compared with the renal tissues from the sham control group. Administration of Nec-1 with or without OAG significantly reduced RIP1 and RIP3 levels, but increased TRPC6 and PARP1 levels in renal tissues, whereas application of SKF96365 or veliparib increased the expression of necroptosis-related proteins (RIP1, RIP3, TRPC6, and PARP1) induced by I/R ( Figure 9B ).
DISCUSSION
In this study, we found that administration of Nec-1 protected against renal I/R injuries prior to reperfusion by suppressing necrosis, inflammation, and oxidative stress, which is in agreement with the findings of Linkermann et al. 19 Mechanistically, Nec-1 pretreatment significantly downregulated the levels of HIF-1a, miR-26a, RIP1, RIP3, Sirtuin-2, and MDA; reduced intracellular NADP + /NADPH ratios; and also reduced the levels of inflammatory factors IL-1b, IL-10, and TNF-a in an HK-2 cell model of H/R and a rat model of renal I/R injury.
It is well accepted that hypoxia is crucial for a renal I/R injury, in which tissues and cells produce a series of hypoxic responses that involve complex molecular mechanisms. 20 HIF-1a release is an important adaptive response of cells to hypoxia, and HIF-1a degradation is inhibited under hypoxic conditions. 21 Other studies showed that HIF binding sites are present in most hypoxia-related miRNA (HRM) promoters, suggesting that HIF may be the key regulator of HRM expression under hypoxic conditions. 22 Here, we found that HIF-1a could promote miR-26a expression by directly binding to its promoter region, indicating a significant role for HIF-a in the upregulation of miR-26a in I/R injury. Interestingly, miR-26a also positively regulated HIF-a expression in a HK-2 cell model of H/R injury, which suggests that HIF-1a and miR-26a regulation may be interdependent. Similar results were also reported regarding the association between miR-21 and HIF-a. 20 Our previous study in vitro study showed that TRPC6 could protect against renal I/R injury, possibly by inhibiting necroptosis. 15 However, our findings were opposite of those reported by Li et al., 23 who showed that inhibition of TRPC6 enhanced the levels of a-ketoglutarate and promoted hydroxylation of HIF-1a to suppress HIF-1a accumulation in glioma cells, which might be explained by different diseases and cell types.
In this study, TRPC6 was confirmed as a potential target gene for miR-26a. We further manipulated miR-26a expression and investigated its regulatory effects on TRPC6 in HK-2 cells. TRPC6 was validated as a direct target of miR-26a and was suppressed by miR-26a overexpression. These results indicated that miR-26a not only acts with HIF-a to form a positive feedback loop, but also directly inhibits TRPC6 activity in our HK-2 cell model of H/R injury.
We also observed that miR-26a overexpression or TRPC6 knockdown caused an increase in RIP1, RIP3, Sirtuin-2, and MDA levels, NADP + /NADPH ratios, and the levels of IL-1b, IL-10, and TNF-a, whereas knockdown of miR-26a or TRPC6 overexpression attenuated these changes, indicating that the use of an anti-miR-26a agent could be a strategy for preventing renal necroptosis. Related studies reported that renal cells undergo apoptosis, necrosis, or necroptosis following I/R. 24, 25 The execution of necroptosis requires the assembly of a RIP1 and/or RIP3-containing necroptosome. [26] [27] [28] Consistent with our results, RIP1 was previously shown to contribute to renal I/R injury, which could be alleviated by Nec-1 pretreatment. 18 Furthermore, RIP1 has been reported to be deacetylated in a sirtuin-2-dependent manner and be associated with PARP-1 activation. 29, 30 Therefore, we speculated that as an inhibitor of the kinase domain of RIP1, Nec-1 might exert its protective effect in I/R injuries via the miR-26a-targeted TRPC6 regulation of necroptosis-related proteins. MDA is a lipid peroxidation product that decreases activity of the ADP-and NADH-dependent mitochondrial respiratory chains, and thereby causes disturbances in membranous Na + K + ATPase activity. 31 Oxidative stress increases the cellular NADP + /NADPH ratio, which is associated with antioxidative mechanisms. 32 In addition, Yasuda et al. 33 reported that the levels of inflammatory cytokines IL-10 and TNF-a were reduced in chloroquine, inhibiting sepsis-induced acute kidney injuries.
In summary, our results provide the first evidence that Nec-1 pretreatment exerts renoprotective effects in I/R injuries, and identified a previously unknown pathway comprising HIF-1a, miR-26a, TRPC6, and PARP1 that regulates renal necroptosis, oxidative stress, and inflammation. However, it is undeniable that the effects of Nec-1 on I/R injury may be mediated by a variety of mechanisms in addition to the HIF-1a/miR-26a/TRPC6/PARP1 pathway, and further investigations are required to uncover any other mechanisms involved.
MATERIALS AND METHODS
HK-2 Cell Culture and H/R Injury Induction
All animal experiments were approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Army Medical University (Congqing, China). Human renal tubular epithelial HK-2 cells were obtained from the Kunming Cell Bank of the Chinese Academy of Sciences (Kunming, China). The cells were cultured in DMEM/F12 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO, Grand Island, NY, USA) www.moleculartherapy.org in a 37 C humidified incubator with an atmosphere of 5% CO 2 . The cells were randomly divided into the following three groups: (1) a control group, in which the cells were incubated under normoxic conditions; (2) a H/R group, in which the cells were exposed to 4-6 h of hypoxia followed by 4-6 h of reoxygenation (95% air and 5% CO 2 ); and (3) a Nec-1 + H/R group, in which after 4-6 h of hypoxia, Nec-1 (30 mmol/L) was added to the medium, followed by 4-6 h of reoxygenation. Subsequently, the three groups were exposed to hypoxia (5% CO 2 , 1% O 2 , and 94% N 2 ) for 6 h followed by reoxygenation (5% CO 2 , 21% O 2 , and 74% N 2 ) for 0, 2, 6, and 12 h, respectively.
Cell Groups and Transfection
The miR-26-a mimics, miR-26-a inhibitor, and negative control (NC) were synthesized by RiBoBio (Guangzhou, China). The pcDNA3.1-TRPC6 (TRPC6), pcDNA3.1-control vector, siTRPC6, and small interfering RNA targeting negative control (siNC) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). All cell transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 48 h of transfection, the cells were harvested and used for in vitro experiments.
Animal Models of Renal I/R Injury
Male Sprague-Dawley rats (weight, 180-220 g) were purchased from the Slac Laboratory Animal Center (Shanghai Slac Laboratory Animal, China) and randomly assigned to three groups: (1) a sham-operated control group (n = 9), (2) an I/R group (n = 45), and (3) an I/R + Nec-1 group (n = 27). After $7 days of acclimatization and 12 h of fasting, the rat model of renal I/R injury was established. In brief, the rats were fasted overnight and then anesthetized with 1% pentobarbital sodium (50 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) administered by intraperitoneal injection. Each anesthetized rat was then placed on a heating pad to maintain a constant body temperature. Subsequently, rats underwent a 45-min occlusion of the left renal pedicle, followed by 24 h of reperfusion. Rats in the sham group were subjected to the Intervention Effects of OAG, SKF96365, or Veliparib during I/R Injury A TRPC6 inhibitor or PARP1 inhibitor was administered during I/R injury. Rats in the I/R group were divided into five groups (n = 3 rats per group) according to whether OAG (Sigma, USA), SKF96365 (Sigma, USA), or veliparib (Selleck) was administered before the I/R procedure. Similarly, rats in the I/R + Nec-1 group were also divided into three groups (n = 3 rats per group). The rats were sacrificed at different time points (6, 12, or 24 h after reperfusion), and their kidneys were harvested. Next, sections of kidney tissue were fixed in 10% buffered formalin for histological examination. The remaining kidney tissue from each rat was frozen in liquid nitrogen and stored at À80 C for further analysis.
Cell Proliferation Assay
The CCK-8 assay was used to evaluate the proliferation of HK-2 cells in the different groups. In brief, HK-2 cells were treated with CCK-8 (10 mL/well; Sigma, USA) at the end of the indicated time point (0, 2, 6, and 12 h, respectively) and then incubated for 2 h. The absorbance at 450 nm was recorded using a microplate reader (Bio-Rad, Hercules, CA, USA).
Flow Cytometry
HK-2 cells were harvested, resuspended in PBS, and then successively stained with 5 mL of Annexin V-fluorescein isothiocyanate (FITC; Beyotime Biotechnology, Shanghai, China) for 5 min, followed by staining with 10 mL of propidium iodide (PI; Beyotime Biotechnology, Shanghai, China) for 15 min in the dark. The stained cells were analyzed by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).
Quantitative Real-Time PCR
Total RNA was extracted from experimental HK-2 cells or the rat kidney tissues by using an RNA Purified Total RNA Extraction www.moleculartherapy.org Kit (BioTeke, Beijing, China) according to the manufacturer's instructions. Real-time PCR was performed with a 7900 HT Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primers used for RT-PCR were synthesized by Sangon Biotech (Shanghai, China) and are listed in Table 1 . The relative levels of expression of the targeted molecules were calculated by an Exicycler 96 PCR System (Bioneer, Alameda, CA, USA) that used the 2ÀDDCt method. The expression levels were normalized to that of U6 or GAPDH, which served as internal reference genes.
Western Blotting
Western blotting was performed using primary antibodies against RIP1 (1:1,000, 17519-1-AP; Proteintech, Rosemont, IL, USA), RIP3 (1:1,000, 17563-1-AP; Proteintech), HIF-1a (1:1,000, PB0245; BOSTER Biological Technology, Pleasanton, CA, USA), TRPC6 (1:400, BA3394; BOSTER Biological Technology), PARP1 (1:1,000, PB0343; BOSTER Biological Technology), Sirtuin-2 (1:1,000; PB0174; BOSTER Biological Technology), and GAPDH (1:10,000, RC-5G5; KangChen Bio-tech, Shanghai, China), followed by incubation with a horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody (1:20,000, BA1054; BOSTER Biological Technology) for 1 h at room temperature. The signals were detected by enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Detection of MDA Levels
MDA levels were detected to evaluate oxidative stress by using an MDA detection kit (A003-1; Nanjing Jiancheng Bioengineering Company, China) according to the manufacturer's instructions. Enzyme activity is presented in units of mmol/mL.
Measurement of NADP + /NADPH Concentrations and Ratios
The concentrations of NADP and NADPH were measured by using an NADP + /NADPH assay kit (ECNP-100) (BioAssay Systems, Hayward, CA, USA) according to the manufacturer's instructions. Standards included with the kits were used to prepare calibration curves, and NADP + /NADPH ratios were calculated by measuring the intensity of the reduced product color at 460 nm.
Measurement of Inflammatory Cytokines
The levels of interleukin-1b (IL-1b), interleukin-10 (IL-10), and TNF-a in cells or blood serum were measured by using specific ELISA kits (BOSTER Biological Technology, USA) according to the manufacturer's guidelines (EK0392, EK0416, and EK0525, respectively).
Immunofluorescence Staining
For immunofluorescence staining, cultured HK-2 cells were fixed with 4% buffered paraformaldehyde in PBS and then washed with PBS for 5 min. Next, the cells were incubated overnight at 4 C with primary antibodies against RIP3 (17563-1-AP; Proteintech), HIF-1a (PB0245; BOSTER Biological Technology), TRPC6 (BA3394; BOSTER Biological Technology), PARP1 (PB0343; BOS-TER Biological Technology), and Sirtuin-2 (PB0174; BOSTER Biological Technology), followed by incubation with a FITC-labeled anti-goat secondary antibody (Beyotime Institute of Biotechnology). The cell nuclei were stained with DAPI (Beyotime, Shanghai, China) for 20 min at room temperature. Immunofluorescence was examined under an inverted fluorescence microscope (Olympus Corporation, Japan).
Dual-Luciferase Reporter Assay
The full-length human HIF-1a code sequence was sub-cloned into a pcDNA3.1 vector and served as the pcDNA3.1-HIF-1a plasmid. The WT and MUT sequences of the pri-miR-26a promoter were designed by GeneCopoeia (Rockville, MD, USA). The 3 0 UTR of TRPC6 containing miR-26a binding sites and its corresponding MUT 3 0 UTR were also synthesized by GeneCopoeia. These 3 0 UTRs were cloned into a pGL3-promoter vector (Promega, Madi-son, WI, USA) to generate WT pGL3-miR-26a, MUT pGL3-miR-26a, WT pGL3-TRPC6-3 0 UTR, and MUT pGL3-TRPC6-3 0 UTR, respectively. Next, 293T cells were seeded in a 96-well plate and cultured overnight. For HIF-1a and miR-26a, 293T cells were transfected with pcDNA-vector or pcDNA-HIF-1a, followed by cotransfection with a Renilla luciferase vector (Promega, USA) plus 200 ng of the pGL3 reporters containing WT pGL3-miR-26a or MUT pGL3-miR-26. For miR-26a and TRPC6, 293T cells were transfected with NC mimics or miR-26a mimics, followed by cotransfection with Renilla luciferase vector (Promega, USA) plus 200 ng of the pGL3 reporters containing the WT pGL3-TRPC6-3 0 UTR or MUT pGL3-TRPC6-3 0 UTR. After 48 h of transfection, luciferase activity was determined using the dual-luciferase reporter assay system (Promega, USA).
ChIP Assay
ChIP assays were performed according to instructions provided with a SimpleCHIP Enzymatic ChIP Kit (Cell Signaling Technology, Danvers, MA, USA). In brief, cells were harvested with SDS buffer, pelleted by centrifugation, and re-suspended in immunoprecipitation (IP) buffer. The cross-linked chromatin samples were immunoprecipitated overnight with HIF-1a antibody. Nonspecific IgG was used as a technical control. Immunoprecipitated DNA was analyzed by qPCR, and the specific primers used for the miR-26a promoter were as follows: forward: 5 0 -CTCAACTGGTGTCGTGGAGTCGG CAATTCAGTTGAGAGCCTATC-3 0 and reverse: 5 0 -ACACTCCAG CTGGGTTCAAGTAATCCAGGATA-3 0 . Images were quantified using ImageJ analysis software.
Histological Evaluation
In brief, the kidney tissues were embedded in paraffin and cut into 4-mm sections. After mounting on glass slides, the sections were deparaffinized with xylene, dehydrated with ethanol, and then stained 
